Uterine infections are a major reproductive problem in livestock. We conducted two experiments to investigate factors that may modulate uterine responses to infectious bacteria. In Exp. 1, ewes received intrauterine inoculations of either saline or bacteria (75 × 10 7 cfu of Actinomyces pyogenes and 35 × 10 7 cfu of Escherichia coli) on either d 0 or 7 of the estrous cycle. Vena caval samples containing uteroovarian blood were collected twice daily from 12 h before until 6 d after inoculation. Only ewes inoculated with bacteria on d 7 developed infections. Basal (4.8 vs .4 pmol), lipopolysaccharidestimulated (14.2 vs 6.1 pmol), and concanavalin Astimulated (65.8 vs 21.6 pmol) blastogenesis (i.e., [ 3 H]thymidine incorporation) of vena caval lymphocytes was greater ( P ≤ .002) for ewes inoculated with bacteria or saline on d 0 rather than on d 7. The number (per 100 white blood cells) of lymphocytes was greater (41.3 vs 30.8, P < .001) and that of neutrophils was less (42.5 vs 51.6, P < .001) in ewes inoculated on d 0 rather than d 7. Bacteria increased ( P < .05) vena caval PGF 2a but not PGE 2 concentrations. In Exp. 2, two protein fractions (molecular weights of ≥100 kDa and approximately 12.7 kDa) from chromatography of uterine flushings collected on d 0 or 7, or 18 d after ovariectomy on d 0 or 7, modulated phytohemagglutinin-stimulated blastogenesis; the heavier fraction from d 0 had a stimulatory component, but the major effects of the fractions were inhibitory. The differences in immune function and regulation between d 0 and 7 probably explain how the uterus of follicular phase ewes was able to prevent the development of an infection.
Introduction
Nonspecific uterine infections reduce the reproductive efficiency of livestock (for reviews, see Arthur et al., 1989a,b; Lewis, 1997) . Approximately 10% of postpartum dairy cows will develop uterine infections, and the incidence in some herds may exceed 40% (Arthur et al., 1989a,b; Lewis, 1997) . Impaired or down-regulated neutrophil and lymphocyte function seems to increase the susceptibility of cows to uterine infections, and bacteria that are found commonly in the environment can then become established in the uterus (Lewis, 1997) .
Even though the general relationships among immune function (i.e., the orchestrated responses of the immune system to pathogens), hormone environment, and uterine infections were described many years ago for cattle, the biochemical mechanisms of action have not been elucidated, partly because of the expense and difficulty of developing repeatable experimental models with cattle (Black et al., 1953; Rowson et al., 1953; Lander Chacin et al., 1990) . Early studies indicated that sheep could be a reliable substitute for cattle in studies of the uterine response to infection Brinsfield et al., 1964) . However, the activity of immune cells in response to uterine infection does not seem to have been evaluated in sheep.
This study was conducted with sheep to evaluate 1 ) the immune cell response to bacterial challenge during the follicular and luteal phases of the estrous cycle, 2 ) the ability of uterine secretory proteins to modulate immune cell activity, and 3 ) the value of sheep for detailed studies of uterine infections.
Materials and Methods
Ewes that were 2 to 6 yr old, produced at the Virginia Tech Sheep Center, and had at least two consecutive estrous cycles of 16 to 17 d in duration were used for this study. All of the ewes were healthy and had no history of uterine infections.
Experiment 1
The major objectives for this experiment were to determine 1 ) the effects of stage of the estrous cycle on the immune response to intrauterine inoculation with Actinomyces pyogenes and Escherichia coli and 2 ) the pattern of change in vena caval concentrations of PGF 2a and PGE 2 after intrauterine inoculations. Ewes ( n = 7/group) were assigned to treatments in a 2 × 2 factorial arrangement. Stage of the estrous cycle (follicular, d 0 vs luteal, d 7 ) and intrauterine inoculation were the main effects. On d 0 or 7 relative to the day of onset of estrus induced with PGF 2a (Lutalyse ® , Upjohn, Kalamazoo, MI), either sterile isotonic saline ( 5 mL/uterine horn) or a suspension of bacteria was injected into the uterus of each ewe using a laparoscopic procedure.
Two days before intrauterine inoculations, polyvinyl catheters were positioned in the vena cava, via a saphenous vein, at a point cranial to the site of entry of uteroovarian blood (Benoit and Dailey, 1991; Fortín et al., 1994; Wade and Lewis, 1996) . Blood collected from that region of the vena cava was presumed to contain lymphocytes that had filtered through the uterus and had been affected by the uterine environment.
Beginning 12 h after intrauterine inoculation, vena caval blood was collected at 12-h intervals (two 12-mL samples at each time) for 6 d and transferred into either sterile heparinized culture tubes or tubes without anticoagulant. The heparinized samples were used to prepare blood for white blood cell ( WBC) counts and lymphocytes for blastogenic assays, which provide estimates of one aspect of immune cell function. The plasma was stored at −20°C until PGF 2a and PGE 2 were quantified. Serum was separated from the other samples and stored at −20°C until estrogens and progesterone were quantified. Wright stain and a microscope with an oil-immersion objective were used for WBC counts (i.e., lymphocytes, neutrophils, monocytes, eosinophils, and basophils per 100 WBC), which were based on the morphological characteristics of the cells.
All ewes were slaughtered at the end of the sampling period, and the reproductive tracts were collected and examined for signs of infection. Clear uterine flushings with small amounts of sediment, no signs of endometrial inflammation, and the inability to culture A. pyogenes and E. coli from the flushings indicated that the uterus was not infected. Cloudy or colored uterine flushings with large amounts of sediment, inflamed endometrium, and the ability to culture A. pyogenes and E. coli from the flushings were considered signs of infection.
Inoculations. The strains of A. pyogenes and E. coli used for this study were isolated from a cow with endometritis at the Virginia Tech Dairy Center. Both strains of bacteria were purified and stored in a skim milk-broth medium at − 20°C until they were used to prepare intrauterine inoculations. Inoculations prepared with the bacteria produced endometritis in cows (Del Vecchio et al., 1992a) .
The bacteria were cultured at 37°C in brain-heart infusion broth (Difco, Detroit, MI) to obtain enough colony-forming units to prepare inoculations. The optical density of the cultures was measured periodically at 560 nm to determine bacterial growth. The optical density of the culture was used in a regression equation, which was derived from optical densities of cultures and direct counts of the number of colonyforming units on blood agar plates after a sample of the cultures had been incubated for 24 h, to estimate the number of colony-formine units per 10 mL of medium. To prepare inoculations, an appropriate volume of culture medium was transferred into sterile culture tubes and centrifuged at 10 × g for 15 min. The supernatant was removed, and the pellet was resuspended in 10 mL of sterile isotonic saline. The inoculations were held on ice until they were used; 5 mL of the suspension was injected into each uterine horn. On the basis of data from Brinsfield et al. (1963) and our preliminary experiment with follicular and luteal phase ewes, each inoculation contained 75 × 10 7 cfu of A. pyogenes and 35 × 10 7 cfu of E. coli.
Lymphocyte Separation and Blastogenic Assay.
Heparinized blood was centrifuged at 2,800 × g for 15 min at 4°C. The buffy coat was mixed with 5 mL of Hanks' balanced salt solution ( HBSS, pH 7.4; Gibco BRL, Grand Island, NY). The mixture was laid on top of 10 mL of Ficoll-Paque ® (Sigma Chemical, St. Louis, MO) and centrifuged at 400 × g for 30 min at room temperature. The lymphocyte-containing portion was transferred to sterile culture tubes and washed twice with HBSS. Then the cells were suspended in complete RPMI-1640 medium (Gibco) that contained fetal bovine serum (.1 mL/mL; Gibco), penicillin (100 IU/mL; Sigma), and streptomycin (100 mg/mL; Sigma). The number of live lymphocytes was determined using a hemocytometer and a trypan blue dyeexclusion procedure. The final concentration of live cells was adjusted to 1 × 10 6 /mL of RPMI-1640.
The blastogenic assay was similar to the one described in Burrells and Wells (1977) . Lymphocytes ( 1 × 10 5 live cells) from each vena caval sample were cultured in 96-well microtiter plates (Becton Dickinson, Lincoln Park, NJ). Mitogenesis was stimulated with concanavalin A ( Con A; stimulates T-lymphocytes; 1 mg/well; Sigma) or lipopolysaccharide ( LPS; stimulates B-lymphocytes; .5 mg/well; Sigma), or it was not stimulated (100 mL of RPMI-1640/well) so that basal mitogenesis could be estimated. Incubation treatments were in triplicate.
The plates were held at 37°C for 48 h in a humidified chamber with an atmosphere of 5% CO 2 in air. Then, 1 mCi of [ 3 H]thymidine (specific radioactivity 4 Ci/mmol; ICN Radiochemicals, Irvine, CA) in RPMI-1640 was added to each well, and the plates were held under the same conditions for another 16 h. At the end of culture, lymphocyte viability was determined with a trypan blue dye-exclusion procedure, and the cells were transferred to fiberglass filters (Whatman, Madistone, England). Filter discs corresponding to each well were transferred to separate scintillation vials, and the lymphocytes were solubilized to release the [ 3 H]thymidine. Disintegrations per minute were determined with a liquid scintillation counter and used to calculate the picomoles of [ 3 H]thymidine incorporated into newly synthesized DNA.
Immunoassays. Radioimmunoassays with tritiated tracer were used to quantify progesterone (intra-and interassay CV were 8.4 and 22.7%, respectively; Gengenbach et al., 1977) , estrogens (intra-and interassay CV were 9.7 and 12.8%, respectively; Guthrie and Bolt, 1983; Lewis et al., 1989) , and PGE 2 (intra-and interassay CV were 8.3 and 19.7%, respectively; Lewis et al., 1978) . Estrone and estradiol-17b cross-reacted 87 and 100%, respectively, with the antiserum used in the estradiol assay (Guthrie and Bolt, 1983) , and the term estrogens was used to describe the values. An enzymeimmunoassay was used to quantify PGF 2a (intra-and interassay CV were 4.9 and 30.8%, respectively; Del Vecchio et al., 1992b; Fortín et al., 1994) .
To avoid confounding the concentrations of a compound for a ewe with the interassay variation, a randomized block procedure (Cochran and Cox, 1957) was used to determine the assignment of samples to individual assays. For each compound measured, all of the samples from a ewe were randomized and evaluated in the same assay.
Statistical Analyses. The GLM procedures in SAS (1988) were used to analyze the data. Slidewrite 2.0 Plus (Advanced Graphics Software, Carlsbad, CA) and Quattro Pro 5.0 (Borland, Scotts Valley, CA) for Windows 3.1 (Microsoft, Redmond, WA) were used to produce graphic representations of the data and perform various calculations.
The initial GLM model included the following independent variables: stage of the estrous cycle (follicular vs luteal), type of inoculation (bacteria vs saline), stage × inoculation interaction, ewe nested within stage × inoculation, time after inoculation, stage × time interaction, inoculation × time interaction, and stage × inoculation × time interaction. Ewe nested within stage × inoculation was the main plot error term, and the residual was the subplot error term. When a main effect and the interaction of the main effect with at least one other variable were significant, only the interaction was described. The variance associated with the main plot error term was used to calculate the overall standard errors (SEM) associated with the main plot variables. The MANOVA procedure and PRINTE option were used to derive partial correlations.
The shapes of the response curves for basal lymphocyte blastogenic activity were determined for ewes in each treatment group, and then basal activity was used as a covariant for Con A-and LPSstimulated lymphocytes. The incorporation data were reported after the adjustment for basal activity, rather than reporting a stimulation index. The reason for that is because a stimulation index is percentage change from basal activity, and the index is based on the assumption that the relationship between basal activity and stimulated incorporation is linear, which was not always true for the data from this experiment. The prediction option in SAS was used to generate a new set of data that contained the adjusted values for Con A and LPS. The adjusted values were analyzed with the initial GLM model.
When time or interactions with time were significant, the effects of treatment on the shapes of the response curves were determined as described previously (Lewis et al., 1984) . The residual variance was used to calculate the SEM that were associated with time and interactions with time.
Experiment 2
The results of Exp. 1 indicated that the ovarian hormone environment influenced the blastogenic activity of lymphocytes recovered from vena caval blood, which contained lymphocytes that presumably had filtered through the uterus. Thus, the purpose of Exp. 2 was to 1 ) collect and fractionate uterine secretory proteins from intact and ovariectomized ewes and 2 ) evaluate the effects of the major protein fractions on the blastogenic response of lymphocytes to phytohemagglutinin ( PHA) , a mitogen for T-lymphocytes.
Ewes ( n = 7/group) were assigned to randomized treatments and slaughtered on either d 0 or 7 of the estrous cycle, or 18 d after ovariectomy on either d 0 or 7. The ovarian intact ewes were used to determine whether stage of the cycle affected the amount and immune cell regulatory activity of uterine proteins. The ovariectomized ewes were used to determine whether the ovaries are needed for continued production of uterine proteins with immune cell regulatory activity and whether ovarian status at the time of ovariectomy had a prolonged carryover effect on the activity of uterine proteins. The potential for carryover effects was evaluated because the uterus was resistant to infections until after postpartum cows developed functional corpora lutea (Del Vecchio et al., 1992a) .
Immediately after exsanguination, the reproductive tracts were removed, sealed individually inside plastic bags, and covered with ice. The reproductive tracts were transported to the laboratory, and, within approximately 1 h after slaughter, the lumen of each uterus was flushed with 20 mL of .33 M NaCl containing .02% (wt/vol) sodium azide. The uterine flushings were collected and centrifuged immediately at 11,200 × g for 1 h at 4°C. The supernatant was collected and stored at −80°C until it was thawed and concentrated to approximately 1 mL at 4°C with a vacuum dialysis cell and a YM1 ultrafilter with a 1-kDa exclusion limit (Amicon, Danvers, MA). The BCA procedure (Pierce, Rockford, IL) with a BSA standard curve was used to determine the amount of protein in uterine flushings. The intra-and interassay CV were 6.3 and 9.7%, respectively.
Chromatography. A 1 cm diameter × 115 cm tall column of Sephacryl S-100 (Pharmacia, Uppsala, Sweden) was used to separate the proteins in each concentrated uterine flush. The mobile phase was .05 M PBS (pH 7.4) containing .02% (wt/vol) sodium azide, flow rate was 30 mL/h, and .5-mL fractions were collected. The column was calibrated with blue dextran (molecular weight [MW] of 2,000 kDa, used to estimate void volume), bovine gamma globulin (MW 150 kDa), BSA (MW 66 kDa), carbonic anhydrase (MW 29 kDa), and ribonuclease A (MW 12.7 kDa).
Two major protein peaks with the ability to alter lymphocyte blastogenesis were resolved and termed Peak 1 (12 fractions) and Peak 2 (14 fractions). The fractions composing each peak were combined and concentrated with a vacuum dialysis cell and a YM1 ultrafilter, and the samples were sterilized with a .45-mm filter (Acrodisc, Gelman Sciences, Ann Arbor, MI) and stored at −80°C until they were evaluated in lymphocyte blastogenic assays.
Lymphocyte Blastogenic Assay. The procedures for isolating lymphocytes and the blastogenic assay were the same as for Exp. 1. The lymphocytes were from one yearling wether sheep that had no history of disease or severe parasite infestation. A wether was used, rather than a ewe, because Exp. 1 indicated that basal and mitogen-stimulated blastogenesis varied with stage of the estrous cycle, and we wanted to eliminate the effects of those cyclic changes.
To evaluate their effects on blastogenesis, Peak 1 was diluted with complete RPMI-1640 to deliver 4, 8, 16, 20, 40 , and 80 mg of protein to incubation wells, and Peak 2 was diluted to deliver 4, 8, 16, and 20 mg of protein to wells; RPMI-1640 was used to standardize all volumes. Peak 2 contained only enough protein for four dilutions. All amounts of each protein were evaluated in triplicate. Lymphocytes ( 1 × 10 5 live cells), PHA ( 1 mg), and the specified amount of protein were added to wells in microtiter plates, and the plates were incubated as described for Exp. 1. Control wells contained lymphocytes and PHA. The results were expressed as picomoles of [ 3 H]thymidine incorporated.
Statistical Analyses. The protein content of the uterine flushings was evaluated with a SAS GLM model that contained stage of the estrous cycle at slaughter or ovariectomy ( d 0 vs d 7), ovarian status (intact vs ovariectomized), and the stage × status interaction.
Because of the number of samples and dilutions of protein, the blastogenic assays were conducted over several days, with lymphocytes from several blood samples from the wether, and it was difficult to avoid some type of blocking on microtiter plate. Indeed, there was a significant effect of plate (i.e., replicate) on lymphocyte blastogenesis. Therefore, the picomoles of [ 3 H]thymidine incorporated into lymphocytes that served as controls for a plate were subtracted from the picomoles incorporated into lymphocytes cultured with various amounts of protein in the same plate. That calculation eliminated the plate effect, but it forced us to present the data as deviations from control values.
The GLM models used to analyze the data after they were adjusted for control values included terms for stage of the estrous cycle at slaughter or ovariectomy, ovarian status, stage × status interaction, ewe nested within stage × status, amount of protein, stage × amount interaction, status × amount interaction, and stage × status × amount interaction. Ewe nested within stage × status was the main plot error term, and the residual was the subplot error term. The stage of the estrous cycle × time after inoculation ( P < .01) and type of inoculation × time ( P < .03) interactions were significant for [ 3 H]thymidine incorporation into LPS-stimulated lymphocytes. Incorporation was greater for ewes inoculated on d 0 than (Figure 2 ). Incorporation was between 14 and 19 pmol during the sampling period for ewes that were inoculated with bacteria on d 0 (Figure 2) .
Results

Experiment
Because the main effect of stage of the estrous cycle was significant for basal, Con A-stimulated ( P < .001), and LPS-stimulated ( P < .002) incorporation of [ 3 H]thymidine, the partial correlations were derived within stage of the cycle. For ewes inoculated with saline or bacteria on d 0, the partial correlations between basal [ 3 H]thymidine incorporation and PGE 2 concentrations (.18, P < .05) and lymphocyte numbers (.20, P < .02) were positive, and the partial correlation between basal incorporation and monocyte numbers was negative ( −.32, P < .001). The partial correlations between Con A-and LPS-stimulated [ 3 H]thymidine incorporation and monocyte ( −.22, P < .01 for Con A; −.26, P < .005 for LPS) and lymphocyte (.24, P < .005 for Con A; .23, P < .01 for LPS) numbers were significant for ewes inoculated on d 0. None of the partial correlations were significant for ewes inoculated on d 7. White cells were counted in smears of vena caval blood that was collected from ewes (n = 7/group) given intrauterine inoculations of either saline (panels A and C) or bacteria (panels B and D; 75 × 10 7 cfu of Actinomyces pyogenes and 35 × 10 7 cfu of Escherichia coli) on d 0 (panels A and B) or 7 (panels C and D) of the estrous cycle. The following were significant: neutrophils, stage of cycle × time after inoculation (P < .01) and type of inoculations × time after inoculation (P < .02) interactions (SEM .48); lymphocytes, stage of cycle × time after inoculation interaction (P < .001, SEM .42); monocytes, type of inoculation × time after inoculation interaction (P < .02, SEM .28); eosinophils, time after inoculation (P < .001, SEM .01).
Differential White Blood Cell Counts. The stage of cycle × time after inoculation interaction was significant ( P < .001) for lymphocytes. The numbers of lymphocytes per 100 WBC in ewes inoculated on d 0 increased from 38 at 12 h to 45 at 108 h after inoculation, and then they decreased to 33 by 144 h (Figure 3, panels A and B) . In ewes inoculated on d 7, the numbers of lymphocytes per 100 WBC increased from 24 at 12 h to 35 at 120 h after inoculation, and the changes from 120 to 144 h were minor (Figure 3 , panels C and D).
For neutrophils, the stage of cycle × time after inoculation ( P < .01) and type of inoculation × time after inoculation ( P < .02) interactions were significant. The number of neutrophils per 100 WBC for ewes inoculated on d 7 decreased from 64 at 12 h to 50 at 48 h after inoculation, and they remained fairly constant until 144 h (Figure 3 , panels C and D). For ewes inoculated on d 0, the number of neutrophils decreased from 50 at 12 h to 36 at 60 h, remained stable until 108 h, and then increased to 51 by 144 h (Figure 3, panels A and B) . The number of neutrophils in ewes inoculated with saline changed only slightly during the sampling period (Figure 3 , panels A and C). However, the number of neutrophils decreased considerably in ewes that were inoculated with bacteria; the decrease was especially evident in ewes inoculated on d 7 (Figure 3, panels B and D) .
The numbers of eosinophils changed ( P < .001) with time after inoculation, but the changes were not striking, and the numbers were close to the means (6.6/100 WBC for d 0 and 5.7/100 WBC for d 7, SEM 1.6; Figure 3 ). For monocytes, the type of inoculation × time after inoculation interaction was significant ( P < .02). The number of monocytes per 100 WBC for the four treatment groups was 9 at 12 h, and, for ewes inoculated with saline, the numbers were nearly constant for the remainder of the sampling period (Figure 3 , panels A and C). However, in ewes inoculated with bacteria, the number of monocytes increased to 16 by 132 h and remained stable after that time (Figure 3, panels B and D) . The data for basophils were not evaluated because the number in the majority of the WBC counts was zero. The main effect of stage of cycle was significant for numbers of lymphocytes and neutrophils, so the partial correlations were derived separately for d 0 and 7. The partial correlations between the numbers of lymphocytes and neutrophils ( −.65, P < .001 for ewes inoculated on d 0; −.83, P < .001 for d 7 ) and lymphocytes and monocytes ( −.27, P < .01 for d 0; −.18, P < .05 for d 7 ) were negative. Also, the partial correlations between numbers of neutrophils and monocytes ( −.49, P < .001 for d 0; −.28, P < .001 for d 7 ) and neutrophils and eosinophils ( −.32, P < .001 for d 0; −.30, P < .001 for d 7 ) were negative.
Steroids and Prostaglandins. Stage of the estrous
cycle affected vena caval progesterone; concentrations were less ( P < .001) in ewes inoculated on d 0 than in ewes inoculated on d 7 (1.2 vs 6.6 ng/mL, SEM 1.5; Figure 4 ). The stage of cycle × type of inoculation × time after inoculation interaction was significant ( P < .05) for vena caval estrogens. In ewes inoculated with saline on d 0, estrogens decreased from .62 ng/mL at 12 h to .10 ng/mL at 72 h, the concentration was increased somewhat at 84 h, but it decreased to less than .10 ng/mL by 108 h and remained constant after that time (Figure 4) . In ewes inoculated with bacteria on d 0, the concentration of estrogens was .30 ng/mL at 12 h, it was increased at 48 h, and then it decreased to approximately .16 ng/mL at 72 h and remained constant until the end of the sampling period ( Figure  4) . In ewes inoculated with saline or bacteria on d 7, vena caval estrogens averaged .04 ng/mL (Figure 4) . Vena caval PGF 2a was greater ( P < .05) in ewes inoculated with bacteria than in ewes inoculated with saline (.27 vs .15 ng/mL, SEM .07), and PGF 2a concentrations changed ( P < .001) with time after inoculation ( Figure 5 ). For ewes inoculated with saline, the partial correlation between vena caval concentrations of PGF 2a and progesterone was −.24 ( P < .005).
Vena caval PGE 2 concentrations changed ( P < .04) with time after inoculation; PGE 2 averaged .35 ng/mL ( Figure 5 ). The overall partial correlation between vena caval concentrations of PGE 2 and PGF 2a was .32 ( P < .001).
Experiment 2
Ovarian status affected ( P < .001) the protein content of the uterine flushings (23,175 mg for intact and 12,743 ( mg for ovariectomized, SEM 1,343) and protein content of Peak 1 (8,010 mg for intact and 3,957 mg for ovariectomized, SEM 614). None of the variables affected protein content of Peak 2, which averaged 1,128 mg (SEM 34). Peak 1 eluted with the void volume of the column and had a molecular weight of at least 100 kDa. The molecular weight of Peak 2 was approximately 12.7 kDa.
For [ 3 H]thymidine incorporation, the interaction of stage of cycle at slaughter or ovariectomy × ovarian status × amount of protein added to incubation wells was significant for Peaks 1 ( P < .001) and 2 ( P < .006). Peak 1 from ewes that were slaughtered on d 0 and used at 4, 8, and 16 mg of protein/well stimulated [ 3 H]thymidine incorporation in response to PHA, but 20, 40, and 80 mg/well suppressed incorporation ( were greater (P < .05) in ewes inoculated with bacteria than in ewes inoculated with saline, and PGF 2a concentrations changes (P < .001) with time after inoculation (SEM .01). Prostaglandin E 2 concentrations changes (P < .04, SEM .01) with time after inoculation.
Discussion
The results of this study indicate that vena caval lymphocytes from ewes inoculated with either bacteria or saline on d 0 of the estrous cycle had greater capacities for basal and Con A-and LPS-stimulated incorporation of [ 3 H]thymidine than did lymphocytes from ewes inoculated on d 7. Also, vena caval blood from ewes inoculated on d 0 contained more lymphocytes, greater concentrations of estrogens, and lesser concentrations of progesterone than did vena caval blood from ewes inoculated on d 7. The three least amounts of Peak 1 protein from ewes slaughtered on d 0 enhanced PHA-stimulated lymphocyte blastogenesis, but the greatest amounts of Peak 1 from d 0 ewes and all amounts of Peak 1 from d 7 ewes suppressed blastogenesis. The differences in immune function between follicular and luteal phase ewes probably explain how the uterus of all ewes inoculated with bacteria on d 0 was able to prevent the development of an infection.
In the present study, immune function seemed to be up-regulated during the follicular phase. Several previous studies indicated that uterine immune function is enhanced during the follicular phase of ewes and cattle, and estrogen treatment enhanced uterine immune function in ovariectomized ewes, mares, and cows (Hawk et al., 1961 Brinsfield et al., 1963 Brinsfield et al., , 1964 Washburn et al., 1982; Roth et al., 1983; Carson et al., 1988; Lander Chacin et al., 1990) . Thus, results from the present and previous studies are consistent. In addition, this study indicates that when the number of vena caval lymphocytes is increased in association with increased estrogens, the inherent (i.e., basal) blastogenic ability of lymphocytes and the ability of T-and B-lymphocytes to respond to mitogens are increased.
Even though immune functions seemed up-regulated when estrogens were increased, it is difficult to determine whether increased estrogens during the follicular phase induced the up-regulation or whether up-regulation was due to the removal of the suppressive effects of progesterone. In the present study, immune function was decreased during the luteal phase, when vena caval progesterone was increased and estrogens were decreased. That agrees with the results of other studies, which indicated that uterine immune function was suppressed during the luteal phase in ewes and cattle, progesterone treatment reduced uterine immune function in ovariectomized ewes and cows, and the uterine response to E. coli was greater in ovariectomized ewes than in luteal phase ewes (Hawk et al., 1961 Brinsfield et al., 1963 Brinsfield et al., , 1964 Roth et al., 1983; Carson et al., 1988; Lander Chacin et al., 1990) . Also, the results of Exp. 2 seem to indicate that uterine secretory proteins are usually immunosuppressive, regardless of the presence or absence of ovaries, and follicular-phase ovaries seem necessary for a component of Peak 1 to enhance PHAstimulated blastogenesis. Thus, even though ovarian estrogens can up-regulate uterine and systemic immune function in sheep, we believe that the suppressive effects of progesterone may override the effects of estrogens. Indeed, the ability of Con A and LPS to stimulate blastogenesis of T-and B-lymphocytes, respectively, from ewes inoculated with saline on d 0 started to diminish when progesterone concentrations started to increase, even though estrogens had not decreased to basal values. Therefore, the results of this study indicate to us that cyclic changes in progesterone concentrations are the major determinant of uterine immune function and that reduced progesterone concentrations permit estrogens to upregulate uterine immune function.
The distribution of WBC in vena caval blood changed with stage of the estrous cycle and type of Table 1 . The response of phytohemagglutinin-stimulated lymphocytes to two protein fractions isolated from sheep uterine flushings a a Phytohemagglutinin is a mitogen for T-lymphocytes. Ewes ( n = 7/group) were assigned to treatments and slaughtered on either d 0 or 7 of the estrous cycle, or 18 d after ovariectomy on either d 0 or 7 (designated OVEX-0 and OVEX-7, respectively). b A Sephacryl S-100 column was used to resolve two major peaks. Peak 1 eluted with the void volume and had a molecular weight ≥ 100 kDa. The molecular weight of Peak 2 was approximately 12.7 kDa. There was not enough protein in Peak 2 for the 40 and 80 mg amounts of protein.
c The interaction of stage of the estrous cycle at slaughter or ovariectomy × ovarian status (i.e., intact vs ovariectomized) × amount of protein added to incubation wells was significant for Peaks 1 ( P < .001, SEM .50) and 2 ( P < .006, SEM .58). inoculation, but the changes in numbers of lymphocytes and neutrophils, which were negatively related, seemed to govern the distribution; the changes in monocytes and eosinophils were minor in comparison.
The ewes inoculated with bacteria on d 7 were the only ones that developed uterine infections, and the numbers of vena caval neutrophils from those ewes decreased considerably with time after inoculation. However, the numbers of lymphocytes in ewes inoculated on d 7 increased during the same time period. The reduction in neutrophils may be because they leave the circulation and move to the site of infection (Male, 1993; Tizard, 1996) . A portion of the vena caval blood collected in this study had passed through the uterus (Wade and Lewis, 1996) , which would provide the opportunity for neutrophils to move out of the blood and into the endometrium. Also, the ability of neutrophils to move into the uterus in response to an infection is often related to the phagocytic activity of neutrophils and the ability of the uterus to resist or clear an infection (Hoedemaker et al., 1992a,b; Cai et al., 1994) . Thus, the reduction in numbers of vena caval neutrophils may reflect their movement into the uterus to engulf and destroy the pathogens, but arterial-venous differences across the uterus and measures of the phagocytic ability of neutrophils are needed to properly evaluate that possibility.
The increase in numbers of vena caval lymphocytes in response to bacterial challenge on d 7 may reflect the movement of immunocompetent lymphocytes from secondary lymphoid tissues into the blood lymphocyte pool, which is a source of lymphocytes for mucosaassociated lymphoid tissue in the uterus and lymph nodes near the uterus (Staples et al., 1982) . That response to bacteria should increase humoral and cellmediated immunity. In fact, older cows seem more resistant to uterine infections than younger cows, indicating that some degree of active immunity may be acquired naturally, and intrauterine inoculation of heifers with A. pyogenes induced some measure of active immunity (Watson et al., 1990) . Perhaps the increase in vena caval lymphocytes in response to bacterial challenge is an early indication that ewes may be able to develop some resistance to A. pyogenes and E. coli infections.
Intrauterine inoculation with bacteria increased vena caval PGF 2a concentrations, regardless of the stage of the cycle when the bacteria were introduced. This increase in PGF 2a is consistent with increases in our studies of postpartum cows (Del Vecchio et al. 1992a . In sheep, the uterus is the major source of PGF 2a in vena caval blood (Wade and Lewis, 1996) . We assume that the increase in PGF 2a is a result of the inflammation that is normally associated with infections (Male, 1993; Tizard, 1996) , but the exact role of the increased PGF 2a in uterine infections is not known.
Nevertheless, in vitro experiments indicate that PGF 2a and other arachidonic acid cascade products such as leukotriene B 4 ( LTB 4 ) are chemoattractants to neutrophils, and this may indicate that the bacteria-induced increase in PGF 2a is an important signal for the immune defense of the uterus (Hoedemaker et al., 1992b) . A recent study with sheep indicated that Lutalyse induced uterine secretion of PGF 2a , which required an increase in the availability of free endometrial arachidonic acid (Wade and Lewis, 1996) . Free arachidonic acid can be converted through the cyclooxygenase pathway to various prostaglandins and through the lipoxygenase pathway to LTB 4 . In addition to the chemotactic effects of LTB 4 and PGF 2a , LTB 4 is a potent activator of neutrophil function, and PGF 2a reduces intracellular cAMP concentrations; reduced cAMP is associated with active immune cells (Nilsson et al., 1991; Hoedemaker et al., 1992b; Valitutti et al., 1993) . The increased uterine secretion of PGF 2a may be an important component of the uterine defense mechanism, but a considerable amount of research is needed to clarify the roles of various arachidonic acid cascade products.
The partial correlation between vena caval PGE 2 and PGF 2a concentrations was positive, as was the partial correlation between PGE 2 concentrations and basal [ 3 H]thymidine incorporation. The positive partial correlation between PGE 2 and PGF 2a is probably related to an increase in free arachidonic acid and a general increase in the production of eicosanoids (Lewis and Waterman, 1985) . However, the positive relationship between PGE 2 and basal [ 3 H]thymidine incorporation is not consistent with other studies. Intrauterine PGE 2 suppressed blastogenesis of peripheral lymphocytes, reduced intrauterine immunoglobulin concentrations, and increased the incidence and severity of uterine infections in cows (Slama et al., 1991) . Increased PGE 2 is associated consistently with increased cAMP and decreased neutrophil and lymphocyte function (Robicsek et al., 1991; Roper and Phipps, 1992; Vaillier et al., 1992) . Despite that, PGE 2 increases during inflammation, and the increase seems to enhance the vasodilation and increased vascular permeability that promote diapedesis of neutrophils (Lydyard and Grossi, 1993; Male, 1993; Tizard, 1996) . Perhaps PGE 2 has an important role in increasing the opportunity for neutrophils to move to a uterine infection, and perhaps PGF 2a provides an important chemotactic signal for neutrophils (Hoedemaker et al., 1992b) . Thus, a general increase in uterine eicosanoid synthesis may be a critical component of the process of clearing a uterine infection.
The ovaries and stage of the estrous cycle regulated directly and(or) indirectly lymphocyte blastogenesis. However, the amount of protein in Peak 2 seemed somewhat independent of the presence of the ovaries, even though Peak 2 consistently suppressed the lymphocyte blastogenic response to PHA, and the potency of Peak 2 in uterine flushings from ovariectomized ewes was greater than that in flushings from intact ewes. The molecular weight of Peak 2 and its suppressive effect on blastogenesis are consistent with other data (Segerson, 1988) , but the independence from the ovaries seems to be a novel finding.
The molecular weight of Peak 1 was in excess of 100 kDa, and further analysis with a Sepharose CL-6B column (exclusion limit of 4,000 kDa) did not fractionate the peak. Thus, we do not know whether Peak 1 was a single protein, and additional analyses were beyond the scope of this study. Several studies indicate that the sheep uterus produces a very large protein that suppresses lymphocyte blastogenesis, and that protein has been difficult to purify (Segerson, 1988; Skopets and Hansen, 1993) . Even though Peak 1 in this study has many of the same general characteristics as large proteins isolated in other studies, it had a biphasic effect on lymphocyte blastogenesis; small amounts stimulated and large amounts suppressed blastogenesis. The stimulatory effect of Peak 1 depended on the presence of follicular phase ovaries, and the suppressive effect did not seem to be due to cytotoxicity, because the amount of Peak 1 added to the cells did not affect their viability. Perhaps Peak 1 in uterine flushings from follicularphase ewes contained more than one protein. One of the proteins may enhance blastogenesis, and one may suppress it; a suppressor protein may be effective only in greater amounts, which could explain the biphasic effect. Even though that explanation is speculative, it may be plausible and warrant additional study.
One of the goals of Exp. 2 was to determine whether the effects on blastogenesis of uterine proteins collected from ewes slaughtered on d 0 and 7 of the estrous cycle would persist (i.e., carryover) for 18 d after ovariectomy on d 0 or 7. The effects of uterine proteins on blastogenesis that were characteristic of ewes slaughtered on d 0 and 7 did not carryover for 18 d, which seems to indicate that ovarian activity continually regulates uterine immune function. This seems inconsistent with our data for postpartum cows, which are resistant to uterine infections at a time when jugular estrogen and progesterone concentrations are basal (Eley et al., 1981; Schindler et al., 1990; Del Vecchio et al. 1992a ). However, even though jugular estrogen and progesterone concentrations are basal in postpartum cows, their ovaries are active, because follicles develop and regress during this period (Lewis et al., 1984) . Perhaps only minimal follicular estrogen production is sufficient during a period when progesterone is basal for the uterine immune system to remain up-regulated and the uterus to produce proteins that can stimulate lymphocyte blastogenesis. Also, the design of this experiment did not allow us to determine how long uterine immune function would remain as it was at the time of ovariectomy. Additional experiments are needed to determine the concentration and time thresholds for the estrogen and progesterone induction and maintenance of uterine immunoregulatory proteins.
The results of this and other studies indicate that changes in ovarian estrogens and progesterone regulate uterine immune function. The effects of estrogens and progesterone may seem antagonistic at first, but the two hormones seem to orchestrate uterine immune functions in the favor of the animal. Indeed, uterine immune function is up-regulated at estrus when there are many opportunities for the introduction of pathogens and down-regulated during the luteal phase when the uterus is capable of supporting a conceptus; down-regulation during the luteal phase seems to allow the uterus to tolerate a fetal allograft (Segerson, 1988; Liu and Hansen, 1993) . Also, uterine eicosanoids would seem to be an important component of the uterine defense mechanism, and studies designed to determine their role in controlling uterine infections are warranted. On the basis of this and earlier research Brinsfield et al., 1967) , sheep are ideally suited for studying uterine infections in ruminant livestock, and sheep models should enable us to conduct more detailed experiments to determine the mechanisms that enable the uterus to control infections.
Implications
Uterine infections are a major problem in cattle. The extent of the problem in other ruminants is not clear, but sheep seem to be an ideal model for studying uterine infections. Changes in estrogens and progesterone help regulate immune cell function, and changes in immune cell function are related to the susceptibility to uterine infections. Infection-induced increases in uterine prostaglandin production may promote the movement of immune cells into the uterus. Treatments with prostaglandin F 2a , and perhaps estradiol, may be useful for modulating uterine immune function and reducing the incidence and consequences of uterine infections.
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